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Broadband microwave spectroscopy has been performed on single-crystalline GaV4S8, which ex-
hibits a complex magnetic phase diagram including cycloidal, Néel-type skyrmion lattice, as well as
field-polarized ferromagnetic phases below 13 K. At zero and small magnetic fields two collective
modes are found at 5 and 15 GHz, which are characteristic of the cycloidal state in this easy-axis
magnet. In finite fields, entering the skyrmion lattice phase, the spectrum transforms into a multi-
mode pattern with absorption peaks near 4, 8, and 15 GHz. The spin excitation spectra in GaV4S8
and their field dependencies are found to be in close relation to those observed in materials with
Bloch-type skyrmions. Distinct differences arise from the strong uniaxial magnetic anisotropy of
GaV4S8 not present in so-far known skyrmion hosts.
PACS numbers: 76.50.+g, 12.39.Dc, 75.30.Gw
The occurence of nontrivial topology in the spin pat-
tern of magnets has gained considerable interest in con-
densed matter physics. Recent research focuses on mag-
netic skyrmions which are thermodynamically stabilized
in compounds with noncentrosymmetric crystal struc-
tures, in a limited region of the magnetic field versus
temperature phase diagram [1–3]. Skyrmions are whirl-
like objects of spins which can crystallize in skyrmion
lattices (SkLs) with typical lattice constants from ten to
hundred nanometers and give rise to emergent electrody-
namics, like the topological Hall effect [4–6] or magnetic
monopoles [7]. Individual skyrmions have been proposed
as building blocks for novel nanomagnetic storage devices
[8, 9]. The SkL has raised high interest for microwave-
technology applications after collective spin excitations
predicted in the GHz range [10] were evidenced in the in-
sulating chiral magnet Cu2OSeO3 [11–16]. Later it was
found that different metallic, semiconducting, and insu-
lating chiral magnets support the same set of character-
istic excitations, i.e., three SkL modes characterized as
clockwise (CW), counterclockwise (CCW) and breathing
(BR) modes, that all follow a universal behavior [17].
Besides the Bloch-type skyrmions reported in the
aforementioned works, a Néel-type SkL has recently been
discovered in GaV4S8 [18], where the spins rotate radially
towards the vortex core. In this semiconductor charac-
terized by V4S4 clusters with spin S =
1
2
[19], a struc-
tural Jahn-Teller transition [20] at 44 K is followed by
the onset of magnetic order at the Curie temperature
TC = 13 K. At the structural transition the lattice is
stretched along one of the four body diagonals, resulting
in a strongly anisotropic easy-axis magnet. The mag-
netic multi-domain structure strongly depends on the
orientation and strength of the applied magnetic field
and gives rise to complex magnetic phase diagrams [see
Figures 1(a), 1(c) and 2(a)] including cycloidal (Cyc),
SkL, and ferromagnetic (FM) regions. Specifically, the
skyrmions do not follow the external magnetic field but
are confined to the magnetic easy axes. The phases
have been interpreted in terms of a competition of sym-
metric and anti-symmetric (Dzyaloshinskii-Moriya, DM)
anisotropic exchange couplings, as well as the Zeeman in-
teraction [18]. GaV4S8 gained further interest due to its
multiferroic properties, with an orbital-order driven po-
larization below the Jahn-Teller transition [21] and spin-
driven excess polarizations in all magnetic phases [22].
The Néel-type skyrmions in this compound are dressed
with ferroelectric polarization, with a doughnut-shaped
ring of polarization around the vortex cores [22]. The
magnetoelectric effect of these skyrmions is about two
orders of magnitude stronger than previously observed
for Bloch-type skyrmions in Cu2OSeO3.
Broadband spectroscopy is now timely to explore the
dynamics of Néel-type SkLs. In this Letter, we present an
experimental investigation of the spin dynamics in single
crystals of GaV4S8. Performing measurements with the
magnetic field applied along the different crystallographic
axes 〈100〉, 〈110〉, and 〈111〉, we find a series of char-
acteristic resonances in all three magnetic phases. The
spin dynamics of multiferroic compounds are of particu-
lar interest as they offer electric-field control of magnetic
states, avoiding large power consuming magnetic fields
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FIG. 1. (Color online) (a) and (c) Magnetic phase diagrams
of GaV4S4 for field directions B ‖ 〈100〉 and B ‖ 〈110〉,
respectively, derived from detailed magnetization measure-
ments [18]. Cycloidal (Cyc, CycI, CycII) and skyrmion-lattice
spin structures (SkL) are embedded in a ferromagnetic (FM)
phase. Cubes and arrows illustrate the orientation of external
field with respect to the the possible directions of the rhom-
bohedral distortion, i.e. the body diagonals of the cube. (b)
and (d) Selected spectra at temperature T = 11 K for field
directions B ‖ 〈100〉 and B ‖ 〈110〉, respectively, with decom-
positions of the Dysonian fits (black lines, see text) for 80 mT
and 70 mT. The additional excitations in the SkL phase, ob-
tained after subtraction of the two dominant Dysonian peaks,
are highlighted in red. For comparison the zero-field spectra
with almost perfect fits are shown.
[23–30].
GaV4S8 singlecrystals were prepared as described in
Ref. [22]. Magnetic microwave spectroscopy was per-
formed by inductive coupling of the sample to microwave
fields of variable frequency ν between 10 MHz and
26.5 GHz above a coplanar waveguide (CPW) [17]. The
signal line was 20 µm wide, smaller than the diameter of
the plate-like samples of about 1mm. Such an approach
allowed to detect modes of CW, CCW, and BR character
in B20 materials [17]. The external static magnetic field
Hext = B/µ0 (where B denotes the magentic flux density
and µ0 the vacuum permeability) was applied perpendic-
ular to the CPW plane. A network analyzer recorded the
transmission of the microwave through the CPW in terms
of the amplitude of a scattering parameter |S12|. The
difference technique, subtracting the spectrum |Sref12 (ν)|
taken at 2 T from the recorded spectra |S12(ν)|, reduced
field-independent microwave responses in the setup. All
spectra shown here are difference spectra ∆|S12(ν)|.
Fig. 1 compares transmission spectra obtained at 11 K
for B applied along 〈100〉 (b) and 〈110〉 (d) directions.
For B = 0 T, i.e., in the cycloidal phase, we observe two
well separated absorptions, close to 5 GHz and 15 GHz.
Such a distinct splitting at low fields is characteristic of
complex antiferromagnets, as has been studied, e.g., in
doped manganites [31] where it arises from a competition
of DM interaction and crystal field. Interestingly, the ex-
istence of well separated low- and high-frequency modes
distinguishes GaV4S8 from so-far investigated canonical
skyrmion host magnets [12, 17]. The quantitative anal-
ysis of the spectra for the cubic 〈100〉 axis is shown in
Fig. 1(b). The data are reasonably described by two
Dysonian-shaped lines [32]
D(ν) =
A[∆ν + α(ν − ν0)]
(ν − ν0)2 +∆ν2
,
superimposed on a weak linear background. Here A is
the amplitude, ν0 the resonance frequency, ∆ν the line
width, and α the dispersion to absorption ratio. The
asymmetry parameter α usually takes into account finite
conductivity contributions, but also accounts for phase
shifts due to impedance mismatches [33]. We find α ≈
0.45 to be constant in different fields and for different
modes, supporting the latter assumption.
We now discuss the spectra obtained at a finite B of a
few 10 mT. First we focus on B ‖ 〈100〉 [Fig. 1(b)] where
B encloses the same angle of 55◦ with all the four possible
domains having their easy axes along the 〈111〉 directions.
For this field configuration, the magnetic phase diagram
is less complex [Fig. 1(a)] compared to the other two in-
vestigated directions [Figs. 1(c) and 2(a)]. At 80 mT, in
the SkL phase [see Figs. 1(a) and 1(b)], we find the low-
frequency mode shifted to 4 GHz. At the same time, a
shoulder is observed indicating an additional resonance
at 7.5 GHz (highlighted in red color). In the spectrum at
80 mT, the resonance near 15 GHz is broader compared
to B = 0 T. In Figs. 1(c) and 1(d), where B ‖ 〈110〉, two
domains have their easy axis perpendicular to B and the
other two experience an angle of 35◦ with B. In this case,
the pronounced low-frequency resonance is close to 5 GHz
at 70 mT. We again resolve a shoulder, now at 8.5 GHz.
The broadened high-frequency resonance resides at a fre-
quency slightly smaller than 15 GHz. A more detailed
spectral evolution is presented for B ‖ 〈111〉.
Fig. 2(b) compares spectra at 0 mT (CycI) and 50 mT
(SkLI). The low- and high-frequency modes are found
near 5 and 15 GHz, respectively, in both cases. At 50 mT,
the shoulder attributed to the SkL appears at a frequency
of 8 GHz. The solid lines, which are fits of the two main
modes, clearly document the missing absorption from the
SkL indicated in red. Fig. 2(c) shows the evolution of
the modes in the low-frequency region (2 ≤ ν ≤ 10 GHz)
between 0 and 160 mT. The small peak between 5 and
6 GHz is a field-independent artefact. The intensity of
the main absorption line strongly decreases with increas-
ing magnetic field and reveals only a minor shift in fre-
quency. The additional mode close to 8 GHz is clearly
visible from 50 to 60 mT (SkLI) and from 110 to 160 mT
(SkLII). This alternating pattern illustrated by green and
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FIG. 2. (Color online) (a) Magnetic phase diagram for B ‖
〈111〉 derived from detailed magnetization measurements [18].
Cycloidal (CycI, CycII) and skyrmion-lattice spin structures
(SkLI, SkLII) are embedded in a ferromagnetic (FM) phase.
The cube and arrow illustrate the orientation of external field
with respect to the body diagonals being the possible easy
axes. (b) Decomposition of the fit for 50 mT with the SkL
excitation highlighted in red. For comparison a spectrum with
a fit at 0 mT is shown. (c) Microwave transmission spectra
in GaV4S8 at external magnetic fields 0 ≤ µ0Hext ≤ 160 mT
along 〈111〉 in the frequency range 2 ≤ ν ≤ 10 GHz at 11 K.
For clarity the spectra have been shifted by a constant value
with respect to each other. The field steps are 10 mT. Green
curves indicate transmission in the cycloidal phases, orange
curves in the SkL phases. Black lines represent Dysonian fits
(see text). The shaded area indicates the frequency regime
where additional excitations emerge in the skyrmion lattice
phases.
orange spectra once more corroborates that the presence
of three modes is an intrinsic feature of the SkL phases.
The detailed field dependencies of the excitation spec-
tra along the three principal cubic axes are summarized
in Fig. 3 in color-coded plots. The symbols indicate
resonance frequencies extracted from fitting Dysonian-
shaped lines to the spectra. In Fig. 3a the field B is
applied along the 〈100〉 direction. As for this orienta-
tion all four rhombohedral domains span the same an-
gle of 55◦ with B we encounter only two phase bound-
aries when the SkL and FM phases are entered (vertical
dashed lines). At 0 mT we observe two excitations close
to 5 and 15 GHz representative for the cycloidal phase
of GaV4S8. In the SkL phase, there are three modes due
to the splitting of the low-frequency mode. The lower
and upper branches slightly decrease in ν with increas-
ing B (dν/dB < 0). The intermediate resonance residing
around 7.5 GHz, however, follows the opposite behavior,
i.e., dν/dB > 0. The upper branch is the most promi-
nent one. At about 90 mT this high-frequency mode
is relatively broad suggesting a further weak excitation
near 17 GHz in the SkL. On approaching the FM phase
boundary the two low-frequency SkL resonances fade out
at about 150 mT, while the upper mode strengthens and
transforms into a single remaining branch that we at-
tribute to the ferromagnetic resonance. Note that the
phase boundaries indicated by dashed lines are some-
what higher than those obtained from the magnetization
measurements in Ref. [18]. The samples used in the mi-
crowave experiment are thin plates magnetized perpen-
dicularly to the plane. Due to the demagnetization effect
(Nz = 1 in the limit of a very thin plate) the internal
field Hint = B/µ0 −
←→
NM [34] is reduced compared to
the cube-like crystals (Nz ≈ 1/3) used in Ref. [18]. Con-
sidering this, our phase boundaries are in fair agreement
with the phase diagram reported earlier.
For B ‖ 〈111〉 [Fig. 3(b)], the branches show a more
complex behavior, as we cross twice the Cyc and SkL
phases with increasing B. For the domains with the easy
axes being parallel to B the phase SkLI is entered already
at B = 40 mT. Here the intermediate branch obeys a
steeper slope dν/dB compared to Fig. 3(a), suggesting
that both the applied and the anisotropy field add to
the internal field entering the equation of motion [34].
When entering the phase SkLII the slope dν/dB of the
intermediate branch is smaller. We attribute this to the
fact that the relevant domains contributing to the spin
resonance have their easy axes tilted by 71◦ with respect
to B. In the field regime SkLII the lowest branch exhibits
dν/dB < 0 similar to the SkL phase in Fig. 3(a). In SkLI
of Fig. 3(b) we do not resolve this characteristic behavior,
most likely due to the superimposed resonance from the
domains that still exist in the cycloid state at these fields.
At B > 130 mT, the uppermost branch consists of two
resonances. We attribute the upper and lower one to
the ferromagnetic resonance (FMR) in domains with the
magnetic easy axis aligned with or tilted away from B,
respectively.
In Fig. 3(c) we display the low-field regime for B ‖
〈110〉. Here the sample enters the SkL phase for the do-
mains with their easy axes tilted by 35◦ with respect to
B. For the domains where these axes are at 90◦ the
applied field cannot induce the SkL phase. Still, the
low-frequency mode of the cycloidal phase superimposes
on the lowest branch in the SkL phase, similar to SkLI
in Fig. 3(b). This resonance attributed to CycII exists
up to 0.45 mT as seen in the high-field data shown in
Fig. 3(d). This value can be identified as a spin-flop
transition of the domains with easy axes perpendicular to
the field, regarding the full frequency-field diagram: the
upper branch is clearly subdivided into the FMR of the
35◦-domains that increases linearly with B and the lower,
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FIG. 3. (Color online) Color-coded plots of the transmission spectra ∆|S12| in the frequency vs. magnetic field plane for
T = 11 K. Open circles are resonance frequencies from the Dysonian fits (see text). Dashed lines indicate transitions between
cycloidal (Cyc), skyrmion lattice (SkL), and ferromagnetic (FM) phases. The field directions are (a) B ‖ 〈100〉 in the range
B ≤ 200 mT, (b) B ‖ 〈111〉 in the range B ≤ 160 mT, (c) and (d) B ‖ 〈110〉 in the ranges B ≤ 200 mT and 0.25 ≤ B ≤ 1 T,
respectively. Along 〈111〉 (b) the FMR splits into two modes (see text).
downturning branch attributed to the perpendicular do-
mains. This second branch changes into a second linearly
increasing resonance mode above the spin-flop transition
at 0.45 mT, where the 5 GHz-mode disappears.
We now compare our results with the previously re-
ported universal behavior for Bloch-type SkLs [17]. The
first significant difference is that in GaV4S8 we observe
two modes in the cycloidal phase while in the Bloch-type
systems only one mode exists in the helical as well as
in the conical phases. This is attributed to the strong
magnetic anisotropy in presence of the DM interaction
in GaV4S8. In the SkL phase, either of Bloch or of
Néel-type, three eigenmodes are obtained, indexed in the
Bloch-type SkL as CW, CCW, and BR. There the CCW
mode (positive slope, dν/dB > 0) is lowest in frequency
followed by the BR (negative slope) and CW (rather
field-independent) modes. In GaV4S8 we find signifi-
cant positive slope always for the second mode, while the
low-frequency mode exhibits a weak negative slope [see
Figs. 3(a)–3(c)] and, hence, we assign the lowest mode
as BR mode. This interchange of CCW and BR is at-
tributed to the uniaxial magnetic anisotropy along 〈111〉
that governs the orientation of the skyrmions. For the BR
mode, spins that are orthogonal to the easy axis exhibit
large precessional amplitude which leads to a reduced ef-
fective field in the Landau-Lifshitz equation and therefore
shifts the eigenfrequency to small values [34]. Bloch-type
skyrmions lack such a contribution to the effective field
explaining the different sequence of branches. Now, the
intermediate branch with positive slope can be assigned
as CCW mode which finally evolves into the FMR, both
with the same sense of gyration. At first sight, this is not
obvious from Fig. 3, but it is indicated by the strong fre-
quency increase of the CCWmode as function of external
field in the SKLI phases [Figs. 3(b)–3(c)]. Note that a
continuous evolution of the CCW branch into the FMR
might not be observed, because the transition from the
SkL phase into the FM state is of first order. Returning
to the SkL phase, the upper branch can be identified with
the CW mode. The CW mode seems to be asymmetric
[see, e.g., Fig. 3(a)], pointing to an additional mode at
even higher frequency, which can be assigned to higher
harmonics of the spin-precessional motion.
In summary, after recent reports on magnetic excita-
tions in Bloch-type skyrmion lattices, this work provides
a detailed magnetic resonance investigation in a Néel-
type skyrmion lattice, realized in bulk GaV4S8. Starting
from low magnetic fields, in the cycloidal phase, due to
competing anisotropic interactions, two resonance modes
are observed. Three excitations evolve in the follow-
ing skyrmion lattice phase which, from lowest to highest
frequency, can be ascribed to breathing, counterclock-
wise, and clockwise modes, with their sequence differ-
ing from Bloch-type SkLs. Finally, the CCW mode of
the SkL evolves into the ferromagnetic resonance in the
field-induced ferromagnetic phase.
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